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Local structures and structural phase change in Ni-Zr-Nb glassy alloys
composed of Ni5Zr5Nb3 icosahedral clusters
Nobuhisa Fujima,1 Toshiharu Hoshino,1 and Mikio Fukuhara2
1Faculty of Engineering, Shizuoka University, Hamamatsu 432-8561, Japan
2Research Institute for Electromagnetic Materials, Sendai 982-0807, Japan
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We construct a local structural model for Ni-Zr-Nb glassy alloys, Ni48Zr40Nb24, which contains eight
icosahedra of Ni5Zr5Nb3 as the structural units. We fully optimize the 112-atom structures by first
principles calculation, and find two characteristic phases in the structures depending on the alignment
of the icosahedra: an amorphous phase where the icosahedral structure well remains and a periodic
phase corresponding to crystallization where the icosahedra change to fcc-like cuboctahedra. Nb
atom-clustering may play a key role in anti-crystallization.VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4817500]
I. INTRODUCTION
For the high storage ability and permeability to hydro-
gen, nickel-zirconium amorphous and related alloys have
been developed and studied since Libowitz et al. reported
the interaction of the intermetallic compound NiZr with
hydrogen and investigated the hydrides NiZrH3 and NiZrH.
1
Not only various compositions of binary alloys,2 but a huge
number of ternary and quaternary alloys, such as Ni-Zr-Al,3
Ni-Zr-Ti,4 and Ni-Zr-Nb,5 have been examined to improve
the performance and the stability of systems. During the
examinations on various alloys, it has been found that the
local structures of Zr-sites (tetrahedra or octahedra of Zr
atoms) in the alloys play an important role to absorb/desorb
hydrogen.6
Meanwhile, Fukuhara et al. observed some new interest-
ing phenomena in the Ni-Zr-Nb-H glassy alloys other than the
high storage ability and permeability. They have reported the
electronic transport behavior of ((Ni0:6Nb0:4)1xZrx)100yHy
(0:3  x  0:5, 0  y  20) glassy alloys as a function of
their hydrogen content.7 These alloys showed semiconducting-
like behavior, superior (ballistic) conducting and supercon-
ducting transport, and electric current-induced voltage
(Coulomb) oscillation as the hydrogen content increased. The
alloy can be regarded as a dc/ac converting device with a large
number of 0.23-nm-sized capacitors with femtofarad capaci-
tance8 among the electron-conducting distorted icosahedral
Ni5Zr5Nb3 clusters (dots of 0.55 nm in size
9).
There have been performed some X-ray absorption
fine structure (XAFS) analyses of the local atomic environ-
ments in Ni-Zr-Nb glassy alloys and those hydrogenated
alloys.5,10,11 They have obtained information of the local
atomic environment from the Fourier transform of the XAFS
spectrum (FT-XAFS) and estimated local geometrical struc-
tures around the individual elements such as coordination
numbers (CNs) and interatomic distances. These estimations
give useful suggestion to construct local atomic model for
the alloys; however, they are limited within the first atomic
shell, and have a certain ambiguity or inconsistency. Then,
the local atomic structure in Ni-Zr-Nb glassy alloys and
those hydrogenated have not been confirmed yet, especially
around the composition that the interesting phenomena
appear.
From a viewpoint of first principles calculation, it is one
of very challenging problems to determine local structures in
glassy alloys.
Glassy alloys are usually fabricated by rapid quenching
method such as the rotating wheel method, so that local
structures in melt-spun alloys are frozen in some non-
equilibrium states, whereas first principle calculations may
give those in the equilibrium states, something like regular
alloys if only the energetics are taken into account. Thus, we
must find out not the ground state structure but relatively low
energy structures with high activation energy against crystal-
lization to construct local structures in amorphous phases.
The molecular dynamics (MD) calculation is employed
as a common maneuver for non-equilibrium systems; a few
hundred atoms in a supercell are moved by the first princi-
ples MD scheme under controlled temperature. After several
thousand MD-steps, some snapshots of the atomic structure
are taken. The local structures are discussed by the Voronoi
polyhedron (VP) analysis, radial distribution functions
(RDFs) etc. derived from the snapshots. For example, local
structures in Ni62:5Nb37:5 metallic grass,
12 in Ni36Zr64 liquid
metal13 are simulated by the first principles MD recently.
These first principles MDs have revealed that the icosahedral
local structure is commonly found in Ni-Nb (Ref. 12) and
Cu-Zr (Ref. 14) glassy alloys, but scarcely in Ni-Zr alloys.13
One of the reasons that the icosahedral structure is unfavora-
ble in Ni-Zr alloys is because of the strong bonding between
Ni and Zr atoms where the Friedel’s band filling rule is satis-
fied for d-electrons.15 The strong Ni-Zr bonding easily indu-
ces a segment of typical structure in regular alloys into
amorphous alloys.
The standard MD scheme may give feasible structures
of actual non-crystalline alloys. There exist some proposed
cluster-packing models based on the MD calculations.16,17
However, for such a complicated case as in Ni-Zr alloys or
in ternary alloys, the obtained results may be so averaged
and often so obscure that they might veil the essential or key
structures in the alloys.
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There are other cluster-packing models18–20 for metallic
glasses based on the Hume-Rothery stabilization rule and the
related composition rules21–23 with icosahedral or relevant clus-
ters which exist in their devitrification or crystalline phases as
common clusters. These models may be powerful skills to con-
struct an amorphous structure whose composition is the same
or similar to those in the crystalline derivatives. Nevertheless, it
is still necessary to find out another structure of the clusters dif-
ferent from those in their crystalline phases for the composition
dealt with in this paper, Ni-5:Zr-5:Nb-3, three of which are
comparable, and far from NiZr, NiZr2,Ni6Nb7, etc.
In this paper, we try a bottom-up approach instead of the
standard MD approach. First, we explore a series of Ni5Zr5Nb3
isolated clusters (isomers), whose stoichiometric compositions
are similar to that of the glassy alloy, Ni36Zr40Nb24, and select
some clusters as candidates for the local units through the
structural investigation. The main part of the exploration of the
isolated clusters has already been published.24 In Sec. II, we
will briefly review the results of the exploration, showing sup-
plemental data.
Since complicated local structures in Ni-Zr-Nb glassy
alloys may not be reproduced only from the first atomic-
shell clusters, second, we construct local structures of Ni-
Zr-Nb not as an isolated cluster but in a cell by combining
the selected clusters. From the structural model as initial
structures, we fully optimize the electronic and geometrical
structures by first principles calculation instead of taking
snapshots in the standard MD. We obtain two typical meta-
stable states or energetically local minimum states; one of
the converged states maintains the icosahedral structural
units seeming to the phase of glassy alloys, another seems to
the crystalline phase in which the initial icosahedral units
change to fcc-like cuboctahedra. We believe that these opti-
mized structures extract some essential or key local struc-
tures in the Ni-Zr-Nb glassy alloys.
II. STRUCTURAL MODEL
A. Icosahedral clusters as local structural units
In this section, first, we briefly review the general fea-
ture of atomic structures and the energetics of the isolated
Ni5Zr5Nb3 clusters, whose composition ratios are similar to
those in the amorphous alloys, and which are candidates for
the structural units of the bulk alloys. The main results have
already been published in Ref. 24 and some supplemental
data are added.
1. General feature in Ni5Zr5Nb3 isomers
We have examined atomic structures and energetics of
more than 60 isomers of Ni5Zr5Nb3, classifying the element
of center atoms, and gauging Nb-Ni CN. The general fea-
tures of the optimized structures are summarized as follows:
1. Ni-centered clusters have lower energies than Nb- and
Zr-centered clusters. This is mainly because of the small
atomic radius of Ni.
2. Clusters with smaller Nb-Ni CN have lower energy. This
tendency agrees with the small Nb-Ni CN obtained by
XAFS in Ni-Zr-Nb alloys.10
3. A Nb-(almost regular) triangle brings a small Nb-Ni CN
and seems to stabilize the cluster. The lowest cluster has a
Nb-triangle for all the three types of center atom. (The
structure of the lowest Ni-centered cluster is shown in
Fig. 1(b).)
Based on the general feature described above, we
concentrated the Ni-centered clusters with a Nb-triangle
(Ni-0/Nb-abc group) as a unit of the local structure, and
investigated all the 26 energetically inequivalent clusters
belonging to this group. (Hexadecimal digits in figures and
text designate the atomic sites of Ni, Nb, and so as Zr ele-
ments. See the inset in Fig. 1.)
The lowest structures such as Ni-01458/Nb-abc(1458)
shown in Fig. 1(b) are distorted from the icosahedral shape
and has a typical segment, Ni2Zr4 tetragonal bipyramid,
which commonly appears in Ni-Zr regular alloys. Then these
lowest structures seem to be stabilized by crystallization,
which are unsuitable for non-equilibrium glassy alloys. In
other words, clustering Ni atoms such as Ni-01234 are neces-
sary to construct an icosahedral local structure since Ni
atoms well-commingled with Zr atoms easily induce crystal-
lization energetically favorable.
Finally, we selected the Ni-01234/Nb-abc(01234) clus-
ter, whose optimized structure are also shown in Fig. 1(a) as
one of likely candidates for the local structural unit from the
following reasons: (1) the relatively low energy, (2) the
well-kept icosahedral shape (resistant to crystallization), and
(3) the small Nb-Ni CN.
2. Role of Nb atoms
We show two reinforcing results which indicate the role
of Nb-atoms or clusters in the construction of the local icosa-
hedral structure.
FIG. 1. Two optimized structures of Ni-centered Nb-triangle Ni5Zr5Nb3
clusters. (a) Icosahedral cluster as a candidate for the Ni-Zr-Nb amorphous
alloy, and (b) energetically lowest structure among the Ni-centered Nb-trian-
gle clusters (Ni-0/Nb-abc group).24 Hexadecimal digits above the structures
designate atomic sites of the three elements. See an example in the inset.
063501-2 Fujima, Hoshino, and Fukuhara J. Appl. Phys. 114, 063501 (2013)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
130.34.134.250 On: Wed, 16 Jul 2014 04:26:48
Figure 2 shows energy differences of Ni5Zr5Nb3(Ni-
01234 group) and Ni4Zr6Nb3(Ni-0123 group) clusters as a
function of Nb-Ni CN. The indices with three digits desig-
nate Nb-atom sites.
The figure clarifies that the energy depends almost line-
arly on the Nb-Ni CN not only for the Ni-01234 group but
for the Ni-0123 group.
Optimized structures are also indicated in the figure,
where all these clusters are in the icosahedral phase. Thus,
we can eliminate the influence of geometrical differences
and extract bonding properties of the atoms; Ni atoms con-
nect energetically more favorable with Zr atoms than with
Nb atoms, so that the lowest structure among these groups
has a Nb-triangle detached from Ni atoms (Nb-abc type).
Figure 3 shows another role of Nb atoms in the icosahe-
dral structure. The figure indicates the energy differences
between the Ni-01234 and Ni-01458 clusters, Ni5Zr8nNbn
(n ¼0-4) with the optimized structures of those clusters.
All the clusters in the Ni-01234 group well keep their icosa-
hedral structures while those in the Ni-01458 group have the
Ni4Zr2 tetragonal bipyramid as a segment of the Ni-Zr regu-
lar alloys, that is, the structure similar to those we have
found as the most stable in the structures of Ni-centered
Ni5Zr5Nb3 with a Nb-triangle in Fig. 1(b).
The energy difference decreases with increasing the
number of Nb atoms, n, especially decreases abruptly at
n¼ 3. As mentioned before, the stabilization of the Ni-01458
group is mainly due to the partial crystallization. Therefore,
Fig. 3 demonstrates a role for Nb atoms or a Nb cluster in
weakening the driving force for crystallization.
B. Continuous structures with 112 atoms composed
of eight icosahedra
1. A rhombohedral cell
We construct a continuous local structural model of the
Ni-Zr-Nb ternary alloy from the icosahedra, Ni5Zr5Nb3,
described in Sec. II A above.
Oji et al. have estimated a remarkably small CN of a Zr
atom, 7.7–8.7.10 It is well known that CN estimated from
XAFS spectrum has an uncertainty; however, it may be cer-
tain that a Zr atom has a relatively small CN in the glassy
alloy in comparison with those in regular Ni-Zr alloys, 15.
This small CN suggests that the local structural units neither
penetrate each other nor share a facet with each other
because a dense connection such as a penetration may bring
a large CN. Then we assume that an icosahedron connects
with six adjacent icosahedra along their 3-fold rotation axes
and that an octahedron bridges adjacent icosahedra (two tri-
angle facets make the octahedron without glue atom).
According to the angle between the second nearest 3-fold
rotation axes of an icosahedron, a rhombohedron with the
face angle a of cos1ð1=3Þ 70:53 can be constructed as a
structural unit, where the icosahedra are located at the verti-
ces (I-sites in Fig. 4) and connected along the edges with
each other.
We take a double-sized rhombohedral cell to be opti-
mized, which contains eight icosahedra and eight vacant
sites (V-sites in Fig. 4) among the icosahedra. We locate
additional eight atoms at the V-sites so that 112 atoms are
included in total.
Figure 4(a) shows an example of the structural model of
112 atom-rhombohedral cell as well as those around the
I-site and the V-site in Figs. 4(b) and 4(c). As shown in
Fig. 4(c), the structure around the V-site is very distorted but
also icosahedral (Voronoi index (0,0,12,0) at the V-site,
where the VP consists of 12 pentagons only). Then 16 icosa-
hedra of (0,0,12,0) exist in a cell in total.
A lattice parameter of the rhombohedral cell of 13.04 A˚
is estimated from the mass density, 7.79 [g/cm3], of an
experimentally obtained sample Ni36Zr40Nb24 (Ref. 25) and
the total mass of 112 atoms in a cell, Ni40:3Zr44:8Nb26:9,
whose ratio is the same as that of in the sample. It is noted
that, as shown in Sec. III, we have obtained an equilibrium
FIG. 2. Linear dependence of total
energy on Nb-Ni coordination number
for icosahedral Ni5Zr5Nb3 and
Ni4Zr6Nb3 clusters. Three hexadecimal
digits designate Nb-atom sites. The
optimized structures are also indicated.
FIG. 3. Energy differences between icosahedral shape clusters (Ni-1234)
and tetragonal bipyramid-containing clusters (Ni-1458), Ni5Zr8nNbn
(n ¼0-4). The optimized structures are also indicated.
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lattice constant of around 13.05 A˚ for the optimized structure
of Ni48Zr40Nb24.
It is also noted that we had kept vacancies at the V-sites
and moreover removed center atoms from the half of the I-
sites, that is, added four vacancies in the proposal model in
the previous work24 to realize the small CN and the composi-
tion ratio corresponding to that of the experimental sample.
However, MD calculations have revealed that these vacan-
cies are easily vanished and the icosahedral structures are
broken.
2. Alignments of icosahedra
Variations in the alignment of eight icosahedra in a
cell are almost infinite even if we employ only one type
of the icosahedron because the combinations of orienta-
tions of the icosahedra are still almost infinite. We may
take the orientation of each icosahedron randomly. We
may also set an atom randomly at a V-site from the three
elements. However, it is very difficult for randomly
aligned structures to obtain converged results within a
few thousand MD steps, thus we concentrate relatively
highly oriented alignments of the icosahedra and locate
Ni atoms at the V-sites. We will show calculated results
for the following six alignments with eight additional Ni
atoms, Ni48Zr40Nb24, in Secs. III–V as typical structural
examples:
(a) An icosahedron connects with six inversions of it; a
Nb6 (or a Ni6) octahedron appears at one of six bridges
between icosahedra as shown in Fig. 4.
(b) The same as the alignment (a) in a layer along two
primitive vectors, and the layer is stacked homoge-
nously along another primitive vector; an icosahedron
connects with four inversions in a layer and with two
icosahedra oriented to the same direction; a Nb6 (or a
Ni6) octahedron appears at one of six bridges similarly
to the alignment (a) but other four bridges are different
from those in the alignment (a).
(c) An icosahedron connects with six icosahedra rotated
uniformly; a Nb6 (or a Ni6) octahedron appears at one
of six bridges; other bridges are different from those in
(a) and (b).
(d) An icosahedron connects with six icosahedra rotated
uniformly but differently from (c); a Nb5 pyramid
appears at one of six bridges.
(e) Icosahedra are aligned homogenously in a layer but
inverted layer by layer.
(f) All icosahedra are aligned homogenously.
III. CALCULATIONS
Total energy calculations and structure optimizations
are performed with VASP 4.6 or 5.3, a plane-wave based
density functional calculation package.26 We employ the
ultrasoft pseudopotential for the core orbitals27 (1s-3p for Ni
and 1s-4s for Nb and Zr) under the generalized gradient
approximation (GGA) (PW91 (Ref. 28)). The cutoff energy
for the plane wave basis is 241.6 eV (NORMAL precision in
VASP).
Isolated system described in Sec. II A are realized in a
cubic supercell with the C point approximation. A length of
10 A˚ is taken for the cell dimension for 13-atom clusters.
Continuous structures with alignments of icosahedra (a)–(f)
described in Sec. II B are optimized under the periodic
boundary condition with the rhombohedral unit cell with the
C point approximation. Figure 5 shows the total energy vs
FIG. 4. An example of initial structure
of Ni48Zr40Nb24 cell viewed from the
direction along a primitive vector.
Eight regular and eight distorted icosa-
hedral units shown in (b) and (c) are
contained in a cell. A regular icosahe-
dron is connected with six adjacent
icosahedra bridged by Nb6, Ni6, or
other octahedra.
FIG. 5. Total energy vs lattice constant, DE [eV/atom], for the optimized
structures of Ni48Zr40Nb24 with the alignment (a).
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lattice constant for the optimized structures of Ni48Zr40Nb24
with the alignment of icosahedron (a). A similar equilibrium
lattice constant of 13.09 A˚ has been obtained for the align-
ment of (f). Hence, optimizations for other alignments and
comparison between the optimized structures with different
alignments are performed at the lattice constant of 13.1 A˚.
The initial structure of an icosahedron in each alignment
is taken as the interatomic distance of 2.75 A˚ between the
center and surrounding atoms. Then the structures are fully
optimized by the quasi-Newton algorithm until the change in
total energy is smaller than 104 eV between two steps of
ionic relaxation.
IV. RESULTS AND DISCUSSION
A. Optimized structures
Figure 6 shows optimized structures of six alignments
(a)–(f) of Ni48Zr40Nb24 with a lattice constant of 13.1 A˚ (see
Fig. 5 for the equilibrium lattice constant for alignment (a)).
Table I indicates the results of the VP analysis for the opti-
mized structures; average CNs, nC, average compositions of
atoms related a VP, NilZr mNbn, and numbers of VPs with
the index (0,0,12,0), that is, numbers of icosahedra in a cell,
Nicos, for 48-Ni, 40-Zr, and 24-Nb atoms, respectively. For
comparison, the results of VP analysis for the initial struc-
tures of alignments in Figs. 6(a) and 6(f) are also indicated in
the bottom as (A) and (F).
The optimized structures in Fig. 6 show two characteris-
tic phases: an amorphous phase in which the local icosahe-
dral structure well keeps and an almost periodic phase in
which the icosahedral structure changes to a fcc-like lattice.
The former phase is typically shown in Fig. 6(a), and the lat-
ter in Fig. 6(f).
Two cutouts of the optimized structure around a vertex
(I-site in Fig. 4) of the rhombohedral cell are indicated in
Figs. 7(a) and 7(f). A distorted icosahedron of Voronoi-
index (0,0,12,0) is seen for the alignment (a), while a
distorted cuboctahedron of Voronoi-index (0,4,4,4) for the
alignment (f).
The icosahedron in Fig. 7(a) is connected with adjacent
icosahedra bridged by octahedra as well as in the initial
structure. The cuboctahedron in Fig. 7(f) constitutes fcc-like
lattice. As shown along the edges of both sides in Fig. 6(f),
the cuboctahedra align stepwise with a step-height of a half
of the fcc-lattice constant.
The number of icosahedra, Nicos, for Ni-center listed in
the sixth column in Table I well remains (Nicos ¼ 12) in the
alignment (a), while all the 16 icosahedra varnish (Nicos ¼ 0)
in the alignments (e) and (f). No icosahedral structure
appears at Zr-center or Nb-center sites for all the alignments
as shown in the 11th and 16th columns.
Alignments from (a) to (d), which keep some icosahedral
structure (Nicos ¼ 4–12), have Nb-octahedra in (a)–(c) or
Nb-pyramids in (d) as the bridge between the icosahedra. After
the optimization, they still have large average Nb-components
in Nb-centered VPs, n ¼ 5.67–6.33 in Nbn as shown on the
15th column in Table I.
On the other hand, alignments (e) and (f) (Nicos ¼ 0)
have small numbers of Nb-components in Nb-centered VPs,
n ¼ 3:00, half of those for alignments (a)–(d).
FIG. 6. Optimized structures of Ni48Zr40Nb24 in the rhombohedral cells with the lattice constant of 13.1 A˚ for the alignments of icosahedra (a)-(f). A prominent
structural difference appears between (a)-(d) and (e)(f).
063501-5 Fujima, Hoshino, and Fukuhara J. Appl. Phys. 114, 063501 (2013)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
130.34.134.250 On: Wed, 16 Jul 2014 04:26:48
Therefore, taking account of the results on the isolated
clusters, we conclude that Nb-clustering prevent the local
structure from crystallization and maintain the icosahedral
structure.
Differences in the total energy of the optimized structure
between alignments are listed in the last column. The total
energies for the almost periodic phase (e) and (f) are lower
than those for the amorphous phase (a)–(d). The lower
energy for the periodic phase seems to correspond to stabili-
zation by crystallization similar to the situation for the iso-
lated clusters described in Sec. II A.
It is noted that we have found the amorphous phase simi-
lar to those in the alignment (a)–(d) also in the alignment (f)
around the lattice constant of 13.05 A˚. However, the energy
of the amorphous phase in the alignment (f) is 0.05 [eV/atom]
higher than that of the periodic phase.
Average CNs nC increase by the optimization from
those in the initial structure nC 11; nC 12 for Ni, 14 for
Zr, and 13 for Nb. Differences among these values may
correspond to differences among the atomic radii of Ni, Zr,
and Nb atoms.
B. Radial distribution functions
Radial distribution functions of the Ni-Zr-Nb glassy
alloys estimated from XAFS data have been reported, and
the local structures around the three elements have been dis-
cussed by the RDFs.10,11 In this subsection, RDFs obtained
from the optimized structures are indicated and compared
with the XAFS results.
The RDFs are calculated by summing Gaussian distribu-
tion functions with a standard deviation r ¼ 0:05 A˚ at an
optimized position of an atom, r, to broaden spiky peaks due
to a small number of atoms in the cell.
1. RDFs of Ni48Zr40Nb24
Figure 8 shows RDFs obtained from the optimized
structures of Ni48Zr40Nb24 alloys shown in Figs. 6(a)–6(f).
The RDFs around Ni atoms, gNiðrÞ, around Zr atoms, gZrðrÞ,
and around Nb atoms, gNbðrÞ are shown from left to right in
each row. The total RDFs, gIðrÞ(I¼Ni,Zr,Nb), are indicated
by black solid curves, and three components for the individ-
ual elements, giIðrÞ (i¼Ni,Zr,Nb), are indicated by dashed,
dotted, and gray curves, respectively.
The optimize structure of the alignment (a) has 12 dis-
torted icosahedra, which may bring a certain non-periodicity
to the atomic structure. Then, the signals further than the
main peak are oscillated around gIðrÞ ¼ 1 in Fig. 8(a)
although the signals are spiky.
In contrast, the RDFs for the alignment (f) in Fig. 8 have
four prominent peaks like a crystalline phase. As shown in
Sec. IVA, the optimized structure for the alignment (f) indi-
cates a distorted fcc-like structure with a certain periodicity
in a unit cell. Thus, the four large peaks correspond to the
interatomic distance between the neighboring atoms in the
fcc lattice. Four vertical arrows on each gI-curves in Fig. 8(f)
indicate distances of 2.9, 5.0, 6.5, and 7.7 A˚. The ratio of
these distances is 1:
ﬃﬃﬃ
3
p
:
ﬃﬃﬃ
5
p
:
ﬃﬃﬃ
7
p
, which corresponds to the
TABLE I. VP analysis for the three elements (Ni, Zr, and Nb) in the optimized structures of Ni48Zr40Nb24 in the alignments (a)–(f) of the local icosahedral
units: average CN at the center of VP (nC), average composition of atoms related a VP (NilZr mNbn), number of (0,0,12,0)-VP(Nicoss) in a cell, and total
energy differences (DE) [eV/atom]. These quantities for the initial structures of (a) and (f) are also indicated at the bottom rows (A) and (F).
Ni-center Zr-center Nb-center
nC l m n Nicos nC l m n Nicos nC l m n Nicos DE
(a) 12.167 6.500 4.833 1.833 12 13.800 5.800 6.200 2.800 0 13.000 3.667 4.667 5.667 0 þ0.136
(b) 12.333 6.500 5.333 1.500 8 14.200 6.400 6.400 2.400 0 12.333 3.000 4.000 6.333 0 þ0.032
(c) 11.688 6.500 4.917 1.271 4 14.100 5.900 6.200 3.000 0 12.542 2.542 5.000 6.000 0 þ0.054
(d) 12.292 6.667 5.125 1.500 4 13.750 6.150 5.600 3.000 0 13.333 3.000 5.000 6.333 0 þ0.070
(e) 12.167 5.833 4.500 2.833 0 14.200 5.400 6.400 3.400 0 13.333 5.667 5.667 3.000 0 þ0.000
(f) 12.083 5.750 4.500 2.833 0 13.850 5.400 6.450 3.000 0 12.667 5.667 5.000 3.000 0 þ0.032
(A) 11.333 6.333 4.500 1.500 16 11.000 5.400 4.200 2.400 0 11.000 3.000 4.000 5.000 0 …
(F) 11.333 5.667 4.333 2.333 16 11.000 5.200 4.200 2.600 0 11.000 4.667 4.333 3.000 0 …
FIG. 7. Thirteen-atom distorted icosa-
hedron and cuboctahedron as cutouts
of the optimized structures around a
vertex of the rhombohedral cell in
Figs. 6(a) and 6(f). Interatomic distan-
ces [A˚] between center and surround-
ing atoms are indicated beside the
atoms. Interatomic distances between
the center Ni atom and surrounding Ni
atoms are remarkably smaller in (a)
(ave. 2.61 A˚) than in (f) (ave. 2.89 A˚).
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ratio for the 1st, 3rd, 5th, and 7th nearest neighbors in fcc
lattice.
The signal from the first atomic shell in gNiðrÞ in Fig.
8(a) has separated peaks at 2.60 and 2.80 A˚. The first peak is
mainly originated from Ni atoms, and the second peak from
Zr atoms as shown by the dashed and dotted curves for
Ni- and Zr-components, gNiNiðrÞ and gZrNiðrÞ. On the other hand,
the contribution of the Nb-component, gNbNi ðrÞ to the peaks is
remarkably small because of the small Nb-Ni CN. In contrast,
three of giNiðrÞ in Fig. 8(f) have comparable components.
In gZrðrÞ and gNbðrÞ in Fig. 8(a), the signal from the first
atomic shell has a single strong peak with small side peaks:
one peak at the near side (2.55–2.60 A˚); two or three peaks
at the far side (3.25–3.35 and 3.55–3.60 A˚).
The main peak at 2.85 A˚ is originated from Ni and Nb
atoms, and the far side peaks are from Zr atoms for gZrðrÞ.
For gNbðrÞ, the main peak at 2.85 A˚ are originated from Zr
atoms, and the far side peaks are from Nb atoms.
The outlines of the first shells in RDFs in the alignment
(f) are different from those in the alignment (a). The two
peaks gNiðrÞ in Fig. 8(a) close together and seem to an
almost single peak in Fig. 8(f). The main peak of gZrðrÞ or
gNbðrÞ in Fig. 8(a) separates into three and two peaks in
Fig. 8(f). Profiles of RDFs in the alignment (b) in Fig. 8(b)
are basically intermediate between those in (a) and (f).
2. Comparison with XAFS results
Matsuura et al.11 have estimated the RDFs in the
Ni39Zr35Nb26 glassy alloys from the FT-XAFS and have
FIG. 8. Radial distribution functions gNiðrÞ, gZrðrÞ, and gNbðrÞ in the optimized structures of Ni48Zr40Nb24 for the alignments (a), (b), and (f). Four vertical
arrows on each gI-curves in (f) indicate distances to the 1st (2.9 A˚), 3rd (5.0 A˚), 5th (6.5 A˚), and 7th (7.7 A˚) neighboring atoms in the corresponding fcc lattice.
FIG. 9. RDF of the 1st shell (r < 3:5A˚) around Ni atoms, gNiðrÞ for the
Optimized structures of the Ni48Zr40Nb24 with the alignments (a), (b), and
(f). The estimation from the XAFS spectrum is shown as the leftmost curve.
The vertical lines indicate the peak positions and relative heights of the ex-
perimental estimation.
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reported the following RDF profiles: (i) FT-XAFS obtained
from Ni K-edge has a doubly splitting main peak. (ii)
FT-XAFS obtained from Zr K-edge and Nb K-edge has a
single main peak with some near-side and far-side peaks.
(iii) An atomic model largely distorted from the icosahedron
((0,2,8,2)-VP similar to Ni-01457/Nb-abc in Fig. 1(b)) is
well fitted with the FT-XAFS (Ni K-edge) and reproduces
the spitting peak.
The RDF profiles mentioned above (i) and (iii) seem to
resemble those for the first atomic shell in the Ni-centered
RDF in Fig. 8(a). However, a RDF estimated by FT-XAFS
cannot be compared directly with a RDF obtained from a real
geometrical structure because the phase shift of the photoelec-
tron wave in the FT-XAFS makes the estimated interatomic
distance shorter than the real value and the phase shift depends
on a combination of absorbing and scattering elements.
Then we try to reproduce a RDF within the first atomic
shell (r < 3:5 A˚) from their structural model employed to be
fitted with their FT-XAFS data (Ni K-edge), and compare it
with the RDF obtained from the optimized structure for
some alignments.
Figure 9 shows RDFs for Ni atom gNiðrÞ within the first
atomic shell in the Ni48Zr40Nb24 for the alignments (a), (b),
and (f) (portions of Figs. 8(a)–8(f)), comparing with that
derived from the fitting model for XAFS (Ref. 11) in the left-
most curve. Three peaks observed in the curve by the fitting
model are reproduced in the curves (a) and (b) but not in the
curve (f). The positions of peaks in curves (a) and (b) are
shifted about 0.1 A˚ to lower side from the vertical lines,
which represent the peaks by the fitting model. However,
they are in agreement in the overall profile, considering that
they have been derived by completely independent manners;
the curve by the model fitting with XAFS spectra is esti-
mated from a single Ni atom surrounded by 12 atoms,
whereas those in (a) and (b) are averagely obtained from Ni
atoms on 48 inequivalent atomic sites in the optimized struc-
tures. Only from the comparison of gNi, the RDF for the
alignment (b) agrees the best with that experimentally
obtained. However, profiles of gZr and gNb for the alignment
(b) do not agree as well as those for the alignment (a).
C. Other candidates for a local structural unit
We select alternative structural units whose composi-
tions are slightly different from Ni5Zr5Nb3, and constructed
similar local structural models; Ni40Zr48Nb24 composed
of Ni4Zr6Nb3 (Ni-0123/Nb-abc shown as abc (left lower)
in Fig. 2) and Ni48Zr32Nb32 composed of Ni5Zr4Nb4
(Ni-01234/Nb-7abc, upper right in Fig. 3). Both these units
contain a Ni-tetrahedron and a Nb-triangle or two of them,
as well as the Ni5Zr5Nb3.
We have found optimized structures of these models for
alignment (a) similar to Fig. 6(a), where the icosahedral struc-
tures remain well although we only indicate the results of VP
analysis in Table II and do not show the optimized structures
here. These results reinforce the idea that Ni-clustering and
Nb-clustering are key structures to keep the local icosahedral
structure and to prevent the crystallization.
As shown in Fig. 2, the unit in (a0) (Nb-abc) has the low-
est energy among the Ni-0123 series, and has a small CN of
2.0 even in the continuous model as shown in the 13th col-
umn in Table II. Then the Ni4Zr5Nb3 seems to be another
likely local structural unit. It is mentioned that the equilib-
rium lattice constant of 13.4 A˚ for the Ni40Zr48Nb24 is
slightly larger than the others because of larger composition
of Zr element.
V. CONCLUSION
We construct a local structural model for Ni-Zr-Nb
glassy alloys based on an icosahedral unit, Ni5Zr5Nb3, and
fully optimize the structures of 112-atom rhombohedral cell
by first principles calculation. We have obtained two typical
optimized structures: (1) an amorphous phase in which ico-
sahedra well maintain those shapes, and (2) a crystalline
phase, with a lower energy than that of the amorphous phase,
in which the icosahedra change to fcc-like cuboctahedra.
Clustering Nb atoms plays an important role to prevent the
amorphous structure from crystallization. Clustering Ni
atoms is also important to keep the icosahedral structure.
Of course the icosahedral units do not align regularly as
described here but randomly in real glassy alloys. However,
these units and their combinations may be typically observed
in a small region containing a few hundred atoms.
In future works, we will investigate local sites where
hydrogen atoms are favorably located in the amorphous
phase and hydrogenation-induced structural change with re-
markable decrease in the density,11,25 associating with the
fcc-like structure.
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